Moreover, the flavonoid was less effective on growth of human T-lymphocytic leukaemia MOLT-4 cells or on blastogenesis of PBMCs. These results suggest that tangeretin inhibits growth of HL-60 cells in vitro, partially through induction of apoptosis, without causing serious side-effects on immune cells.
Induction of apoptosis, a form of programmed cell death (Wyllie et al., 1980) , in cancer cells or malignant tissues could be an efficient strategy for cancer chemotherapy. The apoptotic mode involves an active participation of the affected cells in their self-destruction cascade that culminates in DNA degradation via endonuclease activation, nuclear disintegration and formation of 'apoptotic bodies' that involves the cell remnants (Wyllie et al., 1980; Wyllie, 1985; Arends et al., 1990) . These apoptotic bodies are rapidly cleaned from the local tissue by macrophages (Wyllie, 1985; Compton, 1992) . Several intrinsic or extrinsic stimuli including hyperthermia (Barry et al., 1990) , UV radiation (Servomaa and Rytomaa, 1990) , certain toxins (Chang et al., 1989; Barry et al., 1990) , cytokines (Wright et al., 1992) , and other chemicals (Nicolaou et al., 1993) have been reported to induce apoptosis in cancer cells. Recent studies also demonstrated that some of the anti-cancer agents can induce apoptosis in human leukaemic cells (Bertrand et al., 1991; Dive and Hickmann, 1991; Hickmann, 1992; Gorczyca et al., 1993) , although these agents are known to have concomitantly serious cytotoxicity not only to malignant cells but also to normal tissues including myelocytes and the immune cell system. It is possible to postulate that naturally occurring compounds included in the diet may at least partially regulate programmed cell death in several tissues or organs. However, little is known about its regulation and induction by natural compounds.
Several observations (Suolinna et al., 1975; Edwards, 1979; Verma et al., 1988) , including our findings (Hirano et al., 1989a (Hirano et al., , 1994 , suggest that naturally occurring flavonoids are cytostatic to animal tumour models in vivo and human cancer cells in vitro. In past aetiological studies, intake of certain in the diet, have been correlated with low incidence of colon cancer and breast cancer (Setchell et al., 1981; Adlercreutz et al., 1982 Adlercreutz et al., , 1984 . Moreover, a flow cytometric analysis by Gorczyca et al. (1993) suggested that a hydroxyisoflavone genistein induces apoptosis in human promyelocytic HL-60 leukaemic cells. Whereas genistein is also reported to inhibit tyrosine kinase (Akiyama et al.,1987) , angiogenesis (Fotsis et al., 1993) and cell cycle progression (Matsukawa et al., 1993) , the anti-tumour mechanism of most of the natural flavonoids is still unclear. A recent report from Yanagihara et al. (1993) showed that, in addition to genistein, an isoflavone biochanin A, included in soy bean diets, induces apoptosis in human cancer cell lines established from the gastrointestinal tract. These observations suggest that at least some flavonoids of diet origin may be involved in regulation of programmed death of certain types of malignant cells.
We have examined cytostatic efficacy of several phenolic compounds of plant origin on human cancer cell lines (Hirano et al., 1989a (Hirano et al., , 1990 (Hirano et al., , 1994 . In this study, we demonstrated for the first time that, among such compounds, a citrus polymethoxyflavonoid tangeretin (5,6,7,8,4'-pentamethoxyflavone) (Nelson, 1934) efficiently induces apoptosis in HL-60 cells, by examining the morphological features of the apoptotic cells and DNA fragmentation. Cytotoxicity of tangeretin against leukaemic cells and normal human lymphocytes, by contrast, are extremely low, and the effect of the flavonoid on HL-60 cells was attenuated in the presence of zinc, which is known to inactivate calcium-dependent endonucleases (Duke et al., 1983) .
Materials and methods

Materials
Tangeretin was purchased from Funacoshi (Japan). RPMI-1640 medium and fetal bovine serum (FBS) were purchased al., 1975; Edwards, 1979; Verma et al., 1988; Hirano et al., 1989a Hirano et al., , 1994 . According to recent reports (Gorczyca et al., 1993; Yanagihara et al., 1993) , it is possible to postulate that these natural compounds contained in the diet may regulate tumorigenesis and/or growth of cancer cells via induction of apoptosis in malignant cells. To test this possibility, initial experiments were performed to determine if we could visualise apoptosis in flavonoid-treated HL-60 cells by light microscopy. Among the various natural flavonoids (Hirano et al., 1994) vesicles that have budded off the cytoplasmic extension, were also observed. These apoptotic cells, as well as other intact cells, excluding trypan blue dye, suggested that the cells were not necrosing. Increased morphological characteristics of apoptosis after incubation with tangeretin were observed in a time-dependent manner ( Figure 3 ). After 96 h in culture, the percentage of apoptotic cells had increased from an average of 2.7% in control HL-60 cells to 23.0% in cells cultured with 27.0 jiM tangeretin.
We also examined the ability of tangeretin to induce apoptosis in MOLT-4 cells. MOLT-4 cells were cultured in the presence of 0.0027-27 jAM tangeretin for 24-144 h and apoptotic morphological changes were monitored by light microscopy. During the culture period, 3-5% of untreated control cells morphologically undergo apoptosis, while almost the same percentage of cells treated with 0.0027-27 LM tangeretin undergo apoptosis, and thus no significant effect of tangeretin to promote apoptosis was observed, even after (Sargent and Taylor, 1989) (Figure 5 ). For these experiments, HL-60 cells or MOLT-4 cells were seeded at cell density of 2 x 104 or 1 X 105 cells ml-' respectively and incubated for 24 h in the absence of tangeretin. Subsequently, tangeretin was added to each culture well to final concentration of 2.7 or 27 jAM and the cells were cultured for 24 h in the presence of tangeretin. After 24 h treatment with tangeretin, the cells were washed three times to remove the agent, resuspended in fresh medium at cell densities of 2 x 104 cells ml-' for HL-60 cells and 1 x 105 cells ml-' for MOLT-4 cells and then cultured for a further 96 h. After culturing, the growth of cells was determined by the MTT assay. In this experiment, tangeretin did not significantly affect MOLT-4 cell growth, whereas the agent significantly inhibited HL-60 cell growth at 27 gM concentration as shown in Figure 5 Table I . The effect of the flavonoid on the progression of HL-60 cells through the cell cycle is also illustrated in Figure 8 and Table I Figure lOb (lane 2), a slight but apparent DNA fragmentation could be observed in control cells, and zinc ions also blocked this fragmentation (lane 3). It has been reported that progression of apoptosis requires protein biosynthesis (Bursch, 1990) . Then, we examined the effect of cycloheximide on the ability of tangeretin to suppress HL-60 cell growth (Figure 11 ). Cycloheximide at 5 ng ml-I significantly diminished the effect of tangeretin; the IC50 value of the flavonoid was increased to 7.8 gM, which was 45.3 times higher than the IC50 value without cycloheximide. The concentration of cycloheximide at 5 ng ml' was the maximum concentration which did not significantly alter growth (Nicolaou et al., 1993) have been reported to induce apoptosis in cancer cells, but little is known about natural compounds of diet origin that induce apoptosis. The data described above showed that a pentamethoxyflavone tangeretin contained in tangerine peel efficiently blocked proliferation of HL-60 cells in vitro, without showing cytotoxicity on normal human PBMCs. Tangeretin effect on HL-60 cell growth appeared not to be related to cytotoxicity according to the data of a dye exclusion test. Anti-proliferative activity of anti-cancer agents, in contrast, is intrinsically parallel to the cytotoxicity as had been expected, and therefore concomitant side-effects on immune cell systems might be inevitable. Our results further demonstrated that the flavonoid inhibited HL-60 cell growth via induction of programmed cell death at relatively high concentrations, possibly through activation of Ca2+-and Mg2+-dependent endonuclease. The tangeretin effects might require de novo protein synthesis through progression of the apoptotic path- way. Among the various flavonoids previously examined (Hirano et al., 1994) , tangeretin induced apoptosis in HL-60 cells most efficiently, while other flavonoids including hydroxyflavones, mono methoxyflavones, isoflavones, and hydroxychromones did not induce apoptosis in these cells in our assay system (data not shown). HL-60 cells have been derived from peripheral blood leukocytes of an adult female with acute promyelocytic leukaemia (Collins et al., 1977) . Although this cell line is not representative of either lymphoid or epithelial malignancy, and therefore the significance of the data may be limited to this atypical cell line at present, HL-60 has widely been used al., 1992) . In our present studies, apparent changes in apoptosis of HL-60 cells were observed only after 24 h in culture with tangeretin, whereas actinomycin D caused apoptosis in these cells within 6 h in culture (data not shown).
Thus, tangeretin appears to require over 24 h to be effective in inducing apoptosis in HL-60 cells. In addition to the time lag effect of tangeretin, the effect was only apparent in a relatively small proportion of the cells in culture (maximum 23%). In general, the apoptotic process takes approximately 3 h to complete (Bursch, 1990) . Since the induction of apoptosis is not synchronous throughout the culture, cells at different stages of apoptosis might co-exist. The overall rate of cellular destruction might be very rapid, therefore, it is quite possible that only a minimal percentage of the cells undergoing apoptosis could be observed at any one time during the culture period as in the case of our present experiments. In our assay system, actinomycin D induced DNA fragmentation of HL-60 cells at 0.27 JAM, the effect of which was much stronger than that of tangeretin. Actinomycin D at this concentration, however, alternatively induced necrotic cell death of HL-60 cells, whereas tangeretin even at high concentrations (27 JM) did not induce characteristic features of necrotic death, as assessed by morphology and dye exclusion tests.
The activation of an endogenous Ca2+-and Mg2+-dependent endonuclease is considered to occur in virtually all systems in which apoptosis has been identified (Cohen and Duke, 1984) . Although the activation of the endonuclease activity does not require gene transcription or protein synthesis (Bursch, 1990), de novo synthesis or activation of many other proteins including transglutaminase (Fesus et al., 1987) , TRPM-2 (Leger et al., 1987) and a number of proteinases appear to be required to complete apoptosis. Consistent with these biochemical features of apoptosis, our results strongly suggested that both Ca2+-and Mg2+-dependent endonuclease activation and de novo protein synthesis are critical for tangeretin-induced apoptosis in HL-60 cells. The observations of Cohen and Duke (1984) in a system of thymocyte death by glucocorticoid suggest that the protein for which synthesis is required for cell death is part of a cytoplasm-tonucleus calcium transport system, and activation of the endonuclease may be the final common pathway in many types of apoptosis.
Tangeretin is known to occur in tangerine peel (Nelson, 1934) , which is extensively used in Japan in Kampo medicines for treatment of cancer patients. Our preliminary HPLC data suggest that those Kampo medicines contain cancer cells in general have not been clarified so far, while inhibition of the membrane sodium pump (Kuriki and Racker, 1976) , induction of extensive single-strand breakage (Bissery et al., 1988) , inhibition of tyrosine kinase (Akiyama et al., 1987) and blocks of cell cycle progression (Matsukawa et al., 1993) have been considered as possibilities. Inhibition of carcinogenesis (Verma et al., 1988) and angiogenesis (Fotsis et al., 1993) are other aspects of flavonoid efficacy for cancer treatment. From these observations, the anti-cancer activity of the flavonoids appears not to be due to a common mechanism. In addition to these flavonoid actions, a recent report by Yanagihara et al. (1993) suggested that isoflavones genistein and biochanin A, contained in soy bean diets, suppressed both in vitro and in vivo growth of human cancer cell lines established from the gastrointestinal tract, possibly via induction of apoptosis in these cells. These observations, including our present findings of tangeretin effects, suggest that at least some flavonoids of diet origin may play an important role in the regulation of programmed malignant cell death. However, the activity of flavonoids in inducing apoptosis of malignant cells appears to be limited to certain types of the compounds, such as isoflavones or polymethoxyflavones.
The present study, in summary, proposes for the first time, a growth-inhibitory effect of a citrus polymethoxyflavone tangeretin against HL-60 cells at least partially through induction of programmed cell death with less cytotoxicity on normal human PBMCs. In the process of tangeretin-induced apoptosis, activation of Ca2`-and Mg2"-dependent endonuclease and de novo protein synthesis might be required.
